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At low pressures, the solubility of gases in liquids is governed by Henry’s law, which states that the saturated solubility
of a gas in a liquid is proportional to the partial pressure of the gas. As the pressure increases, most gases depart from
this ideal behavior in a sublinear fashion, leveling off at pressures in the 1- to 5-kbar (0.1 to 0.5 GPa) range with solu-
bilities of less than 1 mole percent (mol %). This contrasts strikingly with the well-knownmarked increase in solubility
of simple gases inwater at high temperature associatedwith the critical point (647 K and 212 bar). The solubility of the
smallest hydrocarbon, the simple gas methane, in water under a range of pressure and temperature is of widespread
importance, because it is a paradigmatic hydrophobe and occurs widely in terrestrial and extraterrestrial geology. We
report measurements up to 3.5 GPa of the pressure dependence of the solubility of methane in water at 100°C—well
below the latter’s critical temperature. Our results reveal a marked increase in solubility between 1 and 2 GPa, leading
to a state above 2 GPa where the maximum solubility of methane in water exceeds 35 mol %.INTRODUCTION
Methane is one of the simplest gases, and its solubility in water has been
well studied at low pressures. At 100°C, its maximum solubility at 100
bar (10MPa) is 6 × 10−3mole percent (mol %), rising to 8 × 10−3mol %
at 2 kbar (4). This behavior with an initial linear increase followed by a
tendency to level off (4) is typical of simple gases (1, 2).
The solution properties of methane in water are important because
methane is a model system for studying hydrophobic interaction (5).
The hydrophobic interaction is of fundamental and wide importance.
It is believed to play a crucial role in key biological processes such as
protein folding and cell membrane formation (5). Hydrophobic inter-
actions are also crucial in the function of detergents and other dispersed
systems andhence underliemuch of soft-matter science (5). In addition,
hydrophobic interactions are typical of the dispersion-type forces that
underlie much of the behavior of molecular systems in the condensed
state. Accurate modeling of such dispersion forces is thus of fundamen-
tal importance.
Themixing properties of water-methane are also directly relevant to
the green chemistry agenda. Here, one aim is to replace expensive, en-
vironmentally hazardous solvents (6). Methane is a model for more
complex organic systems and an important chemical feedstock in itself.
Finally, methane-water mixtures also occur widely in nature.
Methane hydrates are found at the bottom of the oceans, and the
outer solar system (notably Uranus, Neptune, and Titan) contains
significant proportions of methane and water (7, 8). Knowledge of
the speciation of water and methane under planetary conditions is
vital for models of planetary interiors. For example, the magnetic
fields of Uranus andNeptune are believed to be produced by convec-
tion in their icy mantles (9). The degree to which methane is soluble
in this ice layer strongly affects properties such as density and viscos-
ity, which control convection.
To date, the only information onmethane solubility at high pressure
has been obtained from simulations. An ab-initio molecular dynamics
study beyond 15GPa and 1800K found evidence ofmixing under these
conditions (10). However, the temperatures involved weremuch higher
than that of the critical point of water (0.02 GPa and 647 K), whereenhanced solubility in water is a well-known phenomenon (3). Ofmore
relevance to subcritical water, Hummer et al. (11) explored the behavior
of methane and water up to 0.7 GPa at room temperature using an
information theory–based method and classical molecular dynamics.
They found that increasing pressure reduced the forces favoring meth-
ane aggregation, suggesting a trend toward dispersion of methane and,
hence, increased solubility. There are also x-ray diffraction, Raman, and
visual observation studies of the methane hydrate decomposition curve
up to 600 K and 5 GPa (12). These studies provide little information on
the decomposed liquid/fluids, but they do report that the hydrate decom-
poses into two unmixed liquids at an unspecified pressure (12). Finally,
on thebasis of the presumedpressure-inducedbreakingof theHbonds in
water, Chandler (5) predicted increased solubility of water in methane,
although the magnitude of the effect was unquantified; experimental
studies cast doubt on the basis of this prediction, because they show that,
instead of breaking the H bonds as had been assumed (5), pressure in-
creases the density of water in a way that retains full H bonding up to at
least 6.5 GPa (13).RESULTS
Figure 1 shows a sample with 19 mol % methane during a cycle of
heating and pressurization. The “as loaded sample” at 1.3 GPa and
room temperature is completely solid (Fig. 1A) and is in the form of
methane hydrate II and ice VI (note the angular crystals) (17). Upon
heating, the methane hydrate II decomposed into fluid methane and
liquid water at around 330 K to produce a demixed assembly of two
distinct fluids (Fig. 1B, note the rounded droplets). Initially, there were
numerous small droplets, but over a period of 10 to 20 min at 330 K,
these droplets coalesced into larger drops (Fig. 1C). Raman spectros-
copy (18, 19) in the region of themethane C–Handwater O–Hvibrons
(~3000 cm−1) showed two fluids with distinct spectra.
Raman spectra collected with the illuminating beam in one fluid
(Fig. 1, plot 1) showed a very weak C–H feature at ~2940 cm−1 (20)
and a broad O–H vibron centered at ~3190 cm−1 (21), indicating that
this fluid is methane-poor. Spectra taken from the other fluid (plot 2)
showed a much stronger C–H vibron and no evidence of the O–H vi-
bron, suggesting that this fluid is water-poor. Note that the relative
weakness of the O–Hvibron when compared to the C–Hvibronmeans
that its absence does not rule out the presence of some water from this1 of 5
SC I ENCE ADVANCES | R E S EARCH ART I C L EFig. 1. (A) Photomicrograph of a sample of 19mol %methane water at room temperature and at 1.3 GPa as solidmethane hydrate II and ice VI. (B) The same sample at 1.3 GPa
and330K just after decomposition into fluids. (C) The sample under the same conditions 0.5 hours later. (D) The sample at 330Kand2GPa,where it is homogeneous. Plots 1 and2:
Raman spectra taken frompositionsmarked as theopen circles labeled 1 and2, respectively, in (C). In plot 1, the principal peak at ~2850 cm−1 is attributed to theC–H stretchmode
frommethane in the methane-rich fluid. A small secondary peak at ~2900 cm−1 is attributed to the C–H stretch frommethane dissolved in water (the laser spot whose approx-
imate size is indicated by the circle cannot be entirely confined to themethane-rich region). In plot 2, again the two C–Hpeaks are visible (because it is not possible to confine the
laser spot to the water-rich fluid) along with a broad feature at ~3180 cm−1, which is attributed to the O–H stretch fromwater. Plots a and b were taken with the laser spot in the
positions shownby the open circles labeled a and b, respectively, in (D). Both plots show a single C–H stretch at ~2800 cm−1. Raman spectrawere taken at 15 different positions in
(D), and all showed the same features as those shown in a and b.Pruteanu et al., Sci. Adv. 2017;3 : e1700240 23 August 2017 2 of 5
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coexisting methane-rich and water-rich fluids.
When the pressure was increased to 2 GPa, the area of themethane-
rich regionsmarkedly reduced in size and eventually disappeared to give
a homogeneous field of view (Fig. 1D). The Raman spectra of this ap-
parently homogeneous liquid showed both O–H and C–H vibrons
(plotsa and b). Although the intensities varied spatially, no region could
be found where the C–H vibron was absent. Increasing the pressure to
2.6 GPa gave no further visual or spectroscopic change.
To explore the composition dependence of the jump in miscibility
under pressure, we studied a second sample with 58 mol % methane.
This also showed amarked change in visual appearance at 2GPa (Fig. 2,A
and B), with a reduction in the area of the methane-rich liquid. However,
above 2GPa, the sample remained inhomogeneous (B), with a region that
showed both C–H andO–H stretchmodes and a second region in which
only C–H modes were observed. Again, the area of this methane-rich
fluid region when compared to that of the rest of the gasket hole was
essentially pressure-independent above 2 GPa up to 3.2 GPa at 448 K.
These observations cannot be due to a discontinuous change in the
relative compressibilities ofmethane andwater, because there is no such
change (22, 23). Neither can our observations be explained by an acci-
dental loss of visual contrast between the two fluids at ~1.9GPa, because
the two fluids remain visible at all pressures in a high-concentration
(58 mol %) sample. Much more plausibly, the saturated solubility of
methane in water, which is 0 to 5 mol % up to 1.3 GPa, begins to in-
crease at 1.3 GPa, so that the reduction in area of the methane-rich
fluid is due to methane dissolving in the water-rich fluid as the pres-
sure is increased. The disappearance of two fluids in the 19 mol %
methane sample at 1.9 GPa then implies that above this pressure, the
saturated concentration exceeds 19 mol %. The lack of change in the
58% methane sample above 2.0 GPa suggests that above this pressure,
the saturated methane concentration is pressure-independent and lies
between 19 and 58%. This is an unexpectedly high solubility, given that
methane is both hydrophobic and nonpolar.
Assuming that we can approximate the volume fractions of coexist-
ing phases with measured area fractions from micrographs such as
those shown in Fig. 1 and making estimates of the excess volume of
mixing and the solubility of water in methane at various pressures, it
is possible to estimate the concentration of methane in the water-rich
fluid using the measured densities (22, 23). Details are given in the on-Pruteanu et al., Sci. Adv. 2017;3 : e1700240 23 August 2017line supplementary material. The results plotted in Fig. 3 are robust
against wide variations in the estimates we make for the various neces-
sary quantities. The rise in solubility of methane in water starting at
around 1.5 GPa is rapid and substantial, taking it from somewhere be-
low 5 mol % (our technique cannot resolve solubilities below 5 mol %)
at 1.3 GPa to 41(3) mol % at 2.0 GPa and remaining thereafter.DISCUSSION
What causes this marked change of the way water dissolves methane at
about 1.5 GPa is currently unclear but is unlikely to be a change in the
bonding. Structural studies of ice and methane show no marked
changes in the inter- or intramolecular bonding in the 1- to 2-GPa range
(24, 25). There is a strong change in oxygen coordination inwater at these
pressures. However, these studies do not show any disruption of the H
bond coordination (13), as Chandler (5) proposed as the basis for the
mechanism for increased solubility under pressure. Thus, the mecha-
nism for the pressure-induced solubility we report here differs from
the increased solubility of methane observed in supercritical water,
which is accompanied by the loss of the H bond network (26).
Instead, we suggest that our observations can be explained simply by
a continuous reduction in methane molecular size with pressure. Al-
though it is not clear what the relevant size at high pressure is, we do
know that the carbon-carbon distance in methane phase 1 is 4.22 Å at
ambient pressure, 3.84 Å at 1.6 GPa, and 3.75 Å at 2.9 GPa, values that
give an interpolated estimate of 3.81 Å at 2.0 GPa (27). By comparison,
the H bonds in ice are relatively unchanged by pressure. The ambient
pressure H bond distance in ice Ih (2.73 to 2.76 Å) (28) is smaller than
that in ice VII at 2 GPa (2.93 Å) (29). Given these data and the fact that
themaximumsolubility ofmethane inwater above 2GPa [41(3)mol%]
is close to the methane dihydrate composition (33 mol %), it seems
reasonable to speculate that the change in solubility at around 1.5 GPa
(Fig. 3) is the result of a change from solvation of the methane in small
cage-like structures below 1.3GPa [as suggested by analogy to crystalline
hydrates (17, 30)] to solvation in the channels of an ice I–like H bond
network like those of methane dihydrate (methane hydrate phase-III)
(31). In this hypothesis, the mechanism for this change is simply the
continuous compression of the methane diameter combined with the re-
lative lack of compression of thewater network, so that at around 1.3GPa,
themethane diameter falls below the critical value needed to allow it to beFig. 2. Photomicrographs of a sample containing 55 mol % methane. (A) Shows the sample at 330 K and 1.6 GPa and (B) shows it at 330 K and 2.3 GPa. As can be
seen, the darker methane-rich regions reduce in area at the higher pressure but the sample remains undifferentiated.3 of 5
SC I ENCE ADVANCES | R E S EARCH ART I C L Edissolved into a fully connectedHbondnetwork (32).Whenconsidered in
a bulk thermodynamic way, this process is a balance between the free-
energy cost of making cavities in the water network to accommodate
the methane and the gains in free energy from the increased entropy of
dissolution and the PDV contribution from producing a mixed phase,
which is denser than its unmixed components. Because the cost ofmaking
the cavities, the free-energy gain from the entropy of mixing, and the vol-
ume change of mixing are all likely to be either pressure-independent
or weakly pressure-dependent, it is then almost certain that at some
pressure, the increasing magnitude of the PDV term will make the
net free-energy change negative.
If this suggestion is correct, then one might expect to see a similar
marked increase in solubility in other clathrate-forming gases, such as
nitrogen, oxygen, and the noble gases (30), although differences in guest
polarizability may also play a role. This concept of a marked change
that is produced by a smoothly varying differential compression has
been suggested as the origin of the large pressure-induced changes
observed in biological systems such as lipid bilayers and proteins (33, 34).
The fact that we observe it in a simple system such asmethane and water
both provides a model system to study such differential effects and high-
lights the need to understand how the structure of water in biomolecules
changes with pressure.
Whatever the mechanism, this step increase in solubility has pro-
found consequences. First, it alters our basic understanding of what
solute dissolves in what solvent. In particular, our results show that a
property like “hydrophobicity” is not absolute, but can be “tuned”
(turned off to some extent) by the application of relatively modest
pressures. Second, it is likely that if liquid methane and water occur
in the interiors of planetary bodies, then they are never phase-separated.
Finally, our results open up new technological possibilities. They of-
fer routes to new chemical reaction pathways at high pressures. Green
chemistry requires new means of functionalizing C–H bonds in water
(6). The halogenation of methane and the low-temperature catalytic
conversion of methane tomethanol are foundational and important re-
actions in this category. Radical increase in the solubility ofmethanewill
undoubtedly transform the kinetics of these reactions, if not the mech-
anism itself. Moreover, if the solubility increase can be brought to occurPruteanu et al., Sci. Adv. 2017;3 : e1700240 23 August 2017at a lower pressure than 1 GPa, perhaps by the introduction of a new
component to the water network, it may be possible to use such mod-
ified water as a novel solvent for green organic chemistry.
Finally, high solubility of gas in water offers a new and potentially
very effective way to produce nanobubbles (35). Nanobubbles are solu-
tions of small (1- to 100-nmdiameter) gas bubbles inwater. The arrange-
ment of theHbonds in their surface leads to a surface charge layer, which
causes the bubbles to repel each other and hence to avoid agglomeration.
Because of their high surface area–to–volume ratio, nanobubbles can en-
hance the rates of gas solution reactions (35). Evidence of nanobubble
formation from decomposing clathrate hydrates has already been ob-
served (36). Rapid decompression of a high-concentration solution, such
as 40% methane/water, into the low solubility pressure range may prove
an effective means to nucleate very high concentrations of nanobubbles.MATERIALS AND METHODS
We loaded samples of distilled water andmethane intoMerrill-Bassett–
type diamond anvil cells using steel gaskets (14). The composition of the
sample was controlled as follows. First, the gasket hole was completely
filled with water. The cell was observed as the water evaporated and an
air bubble formed. Once the bubble was of a suitable size, the cell was
lightly sealed to prevent further evaporation and placed in a pot, which
was cooled to ~100K.Methanewas condensed into the pot covering the
cell, whichwas opened to allow themethane to fill the bubble in the now
frozen water. After sealing, the cell was allowed to warm to room tem-
perature. The pressurewas adjusted to 1 to 1.5GPa (determined by ruby
fluorescence) and left to equilibrate overnight. The composition of the
sample was estimated from measurements of the relative areas of the
bubble and that part of the gasket filled with water using a microscope.
Assuming that the bubble and the water-filled region had the same
thickness, we calculated the proportions of methane and water from
the densities of methane (15) and ice at 100 K (16). This procedure is
described in the online material and is accurate to 3 to 5 mol %. For the
experiments, the cell was mounted on a combined micro-Raman and
direct observation system. The sample was illuminated by white light
from behind and observed using a digital camera. The exciting laserFig. 3. Plot of the maximum solubility of methane in water at 373 K. The data plotted as points were obtained from the various samples as described in the text.
The dotted line shows an extrapolation of Henry’s law based on the coefficient determined at ambient pressure (2).4 of 5
SC I ENCE ADVANCES | R E S EARCH ART I C L Efor the Raman was a diode laser with a wavelength of 532 nm. The cell
was heated externally using a resistive heater, and the temperature was
measured by a thermocouple touching the back of the diamonds. Before
each experiment, the Raman system was calibrated using the emission
lines from a neon lamp.REFERENCES AND NOTES
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